polymer substrate to control the fluid inside. Microfluidic chips have been designed for a multitude of applications, such as chemical synthesis, cell manipulation, DNA analysis, protein analysis, etc. [1] . Due to their wide range of applications, there is increasing interest in microfluidic devices in biomedical research. One of the main research interests in the Crump Institute for Molecular Imaging at UCLA is developing a versatile, modular and automated microfluidic platform capable of synthesizing [18P]-tagged small molecules for Positron Emission Tomography (PET) imaging on demand [2] , [3] .
Radio-labeled imaging probes make many medical imaging modalities possible. The most commonly-used imaging probe in PET is [18P]-labeled fluoro-deoxy-glucose ([18p]PDG). It has been recently demonstrated that [18p]PDG can be successfully synthesized in a microfluidic platform [4] .
Although there is active research in the development of microfluidic devices for radiochemical synthesis of PET imaging probes, not many tools are available for monitoring and analyzing the chip and its development. In microfluidic chip development, chip design and manufacturing processes are involved and the chip functionality test and failure analysis are crucial at this stage of development. The current method of chip examination merely measures the radioactivity of the output solution from the chip using a well-type gamma counter and compares it to that of the input solution. The radioactivity loss inside the chip is calculated from the difference of two. However, this method does not give the spatial information of the radioactivity distribution nor the exact location of the chip failure, leading to additional trial and error adjustments. In other words, the current method does not have an imaging capability.
Many imaging systems in biomedical research employ the detection of high energy photons (e.g., x-rays and y-rays) as their imaging mechanism. Because of the penetrating nature of these high energy photons, the detector material of the ICROFLUIDICS is an emerging technology that will facilitate the study of molecular processes in nano-liter levels in a finely controlled manner. They utilize a network of channels and wells that are etched onto a glass or Abstract-This work proposes a novel method for quantitative imaging of radioactivity on microfluidic chips by using visible light emission from Cerenkov radiation. Cerenkov radiation is generated when charged particles travel through an optically transparent material with a velocity greater than that of light in that material. It has been observed at UCLA that microfluidic chips used for 18F-related radio-synthesis studies have shown unidentified visible light emissions. In this study, the origin of the light was investigated and its feasibility as a quantitative imaging source was tested.
The energy threshold for Cerenkov radiation to occur was calculated in water and polydimethylsiloxane (PDMS), the most commonly used microfluidic material. Beta particles from 18F with energies higher than the energy threshold were expected to generate Cerenkov light. The measured spectrum of the emitted light from 18F-solution containing syringe showed a broad and continuous distribution between 200 nm and 1000 nm, with a peak emission at 400 nm. A bluish-white color was observed from the photograph of the 18F-solution containing syringe, suggesting Cerenkov radiation.
A detector previously developed for imaging microfluidic platforms was used to measure the Cerenkov radiation. The detector consisted of a lens-coupled Charge Coupled Device (CCD). The system spatial resolution, minimum detectable activity (MDA) and dynamic range were investigated. With the current system setup, a Cerenkov signal calibration for PDMS was determined to be 0.047 ADU/nCilpixlsec for a 5 minute acquisition. This novel method of Cerenkov radiation imaging will provide researchers with a simple yet robust quantitative imaging tool for microfluidic applications utilizing charged particles.
imaging system has to be thick enough to detect, i.e. stop, these photons. As a result, these devices tend to be massive and bulky. In the development of a dedicated imaging system for microfluidic chips, however, it is desirable that the system be compact since the object to be imaged, a microfluidic device, is the size of a coin. In addition, the system requires high spatial resolution and high sensitivity because the microfluidic chip will contain a very small volume of: and in tum, a very low level of radioactivity.
Many studies have been conducted in the development of charged-particle imaging devices. Among radioisotopes which decay through beta particle emissions, there are many isotopes which are biocompatible, e.g. 18F, 14C, 32p, 3H, etc. Due to the wide availability of these beta-emitting biocompatible radioisotopes, there have been numerous studies of beta detection for many applications. Some devices were developed for imaging radioactivity distribution in tissue sections and have been commercialized [5] , [6] . Some were developed for intra-operative beta particle detection for surgical purposes [7] . However, few devices are optimized for microfluidic chip imaging. In addition, most devices using the previously reported methods detect radiation either directly, through detection of the charged particles, or indirectly, through scintillation light produced by the charged particles.
In this study, we propose a novel method for quantitative imaging of beta particles in a microfluidic chip by utilizing visible light emissions from Cerenkov radiation. Cerenkov radiation is generated when a charged particle travels through an optically transparent material with a velocity greater than that of light in the medium. It has been observed for couple years at UCLA that microfluidic chips used for 18F-related radio-synthesis studies have shown unidentified visible light emissions ( Fig. 1) . In this study, the origin of the light was investigated and its feasibility as a quantitative imaging source was tested.
II. MATERIALS AND METHODS

A. Cerenkov Radiation Validation (Verification) 1) Cerenkov Radiation Energy Threshold
Cerenkov radiation is produced by a charged particle traveling through the medium when the following condition is met, 1 -< 1 (1) fln where n is the refractive index of the medium and P is the ratio of the velocity of the particle in the medium to that of light in a vacuum (P= vJc). For a medium of given refractive index n, this relation determines the minimum particle velocity required for Cerenkov radiation to occur, which is Pmin=(I/n). P is related to the particle kinetic energy as follows [8] , [9] , The minimum particle kinetic energy, Ethresh, for Cerenkov radiation to occur in water and PDMS was calculated using equations 1 and 2 and compared to the kinetic energy distribution of positrons emitted from 18F.
2) Cerenkov Radiation Emission Spectrum
The spectral distribution of the emitted light from 18F solution in a syringe was measured using a FluoroMax-3 spectrofluorometer (Horiba Jobin Yvon, NJ). 3 mCi of [ 18 F]FDG solution was placed in a syringe. With the excitation source turned off, the light signal from the syringe was acquired at 10 nm intervals for I second each over a range of 200 nm to 1000 nm. Corrections were applied for the detector dark current and the 18F radioactive decay.
3) Cerenkov Radiation Visible Color Verification
The [ 18 F]FDG-containing syringe was also imaged using a digital single lens reflex (SLR) camera (Canon EOS Rebel XT, 28 mm f/I.8) to verify the visible color of the emitted light. The syringe was placed in the dark and imaged for 10 minutes.
B. Microfluidic Chip Optical Transmittance
Since Cerenkov radiation produces visible light in the medium, optical transmittance of the microfluidic material plays an important role in the overall system sensitivity. The transmittance of PDMS from two manufacturers, GE and Sylgard, was measured using a spectrophotometer (8453, Agilent Technologies, CA).
C. Lens-Coupled CCD Detector
A schematic diagram of the lens-coupled CCD detector was previously presented [10] . (Figure 2 ) The CCD sensor had 1600 x 1200 pixels with a pixel pitch of 7.4 Jlm. The CCD sensor temperature was regulated at -15°C with a Peltier thermoelectric device aided with a water cooling system. A Cmount lens (ELI025B 0.95/25, Universe Kogaku America, NY) with a focal length of 25 mm was mounted. The lens aperture was set to be 0.95, the largest, in order to maximize the light collection efficiency.
A microfluidic chip to be imaged was placed on a motorized stage (RCF-mini!, Jim's Mobile, Inc., Lakewood, CO) with the fluidic channel side up, and the entire setup was placed in a light-tight box. The motorized stage was controlled by a USB controller (FCUSB, Shoestring Astronomy) connected through the light-tight box to the computer.
The lens-to-object distance was 5.7 cm and the full field-ofview was 4 cm x 3 cm with an image-to-object magnification of 0.3. Using a pixel binning of 3x3, this setup gave the sampling pitch of74 Jim in the object plane.
D. Cerenkov Radiation Spatial Resolution • Line Pair Microfluidic Chip:
The system spatial resolution was measured with a custom designed line pair microfluidic chip. The chip consisted of a snaked line channel with a 200 JlIIl width and a 300 JlIIl space between the channels edge-to-edge. The channel height (depth) was 33 f.lIll. The channel was filled with 20 JlCi of 18F solution and imaged for 5 min.
• FWHM and MTF:
The system spatial resolution was investigated in more detail by measuring the full width at half maximum (FWHM) of the line profile of the microchannel. The microfluidic chip 
E. Cerenkov Radiation Signal Calibration Curve
The signal calibration curve, which describes the light output from Cerenkov radiation as a function of radioactivity was obtained. The microfluidic chip was made from PDMS, which had a refractive index of 1.43. The chip consisted of microchannels with a length of 7 mm, width of 1 mm and a depth of 125 JlIIl. (Figure 3, 4) The PDMS substrate layer of the chip was intentionally made thick (""' 3 mm) in order to ensure that all beta particles interact within the chip and not in the underlying glass slide. A microchannel was filled with 30 JlCi of [ 18 F]FDG solution and an additional slab of PDMS layer was placed on top in order to prevent fluid evaporation from the inlet and the outlet. The total light signal was measured for 5 minutes at 10 minute intervals during the radioactive decay.
F. MDA and Dynamic Range
The system minimum detectable activity (MDA) was measured using the same microfluidic chip previously used for signal calibration. The microchannel was filled with an 18F solution and a 1 mm X 1 mm ROJ was drawn inside the uniform activity region. The average pixel value was measured as a function of radioactivity concentration per unit area (J.lCi/mm 2 ) for 5 minute exposure with 10 minute intervals and compared to the system noise level as 18F decayed. The MDA was determined by the system noise level to ensure the false positive and the false negative values were less than 5% for both in each pixel [11] . When the mean signal crossed the MDA level predetermined by the system background, the corresponding radioactivity concentration was measured.
The system dynamic range was also calculated by comparing the mean pixel value to the pixel full well capacity. The maximum detectable activity was determined where the average pixel signal met the full well of the 16-bit pixel. Table 1 lists the calculated energy threshold, Ethresh, for a positron in water and PDMS. The threshold energy was inversely related to the refractive index of the material ( Figure  5 ) [8] , [9] . This means that more Cerenkov signals will be produced in a material with a higher refractive index. Compared to the energy distribution of positrons from 18F, the maximum energy of positrons from 18F exceeded the energy threshold in both water and PDMS (Table 1, Fig. 6 ). Thus, beta particles from 18F with energies higher than the energy threshold will generate Cerenkov radiation in both water- 
III. RESULTS
A. Cerenkov Radiation Validation (Verification) 1) Cerenkov Radiation Energy Threshold
2) Cerenkov Radiation Emission Spectrum
The measured spectrum of the emitted light from [18F]FDG showed a broad and continuous distribution from 200 nm to 1000 nm with a peak emission around 400 nm. (Fig.7) Unlike typical scintillation light which manifests a relatively narrow emission spectrum, this spectrum suggested that the origin of the emitted light could be Cerenkov radiation [8] , [9] . A bluish-white color was also observed from the photograph of the syringe, suggesting Cerenkov radiation.
3) Cerenkov Radiation Visible Color Verification
The photograph taken by the digital SLR camera clearly showed blue light emission from the [18F]FDG-containing syringe (Fig. X) . The bluish-white color is the characteristic property of Cerenkov radiation [8] , [9] . This further suggested that the light emission from a microfluidic chip containing [18F]FDG inside was from Cerenkov radiation.
B. Microfluidic Chip Optical Transmittance
The optical transmittance of PDMS as a function of wavelength is shown in Figure 8 . The PDMS from both manufacturers showed similar transmittance properties. Above 400 nm, more than 90% of the light was transmitted.
C. Cerenkov Radiation Spatial Resolution
As shown in Figure 9 , the line pairs with a width of200 J.lm and a space of 300 J.lm edge-to-edge were discemable with a visual assessment of the Cerenkov signal image.
The line profile of the channel was acquired and the FWHM was measured to be 350 J.lm. (Figure 11 ) This resolution was dominated by the physical size of the channel, which was 200 J.lm. The corresponding MTF is shown in Figure 12 . This fmal MTF was a convolution of the channel width of 200 J.lm, positron range, Cerenkov radiation MTF, lens MTF, and a CCD sensor MTF. Disregarding the physical size of the channel, the Cerenkov image spatial resolution was limited by the positron range. There have been many studies about the positron range, and the FWHM of the positron range of 18p was claimed to be greater than 100 J.lm in water [13] .
D. Signal Calibration Curve
The signal calibration curve of Cerenkov radiation is shown in Figure 13 . The Cerenkov signal rate for PDMS (n=1.43) was measured to be 0.047 ADU/nCi/pix/sec for 5 minute acquisition, where ADU stands for analog-to-digital unit in the CCD camera. This final signal rate was a combination of the Cerenkov light output, the PDMS optical transmittance, the system lens coupling efficiency [14] , [15] , and the CCD quantum efficiency, all of which are a Positron Energy Distribution from F-18 function of the wavelength. The observed linearity of signal versus radioactivity makes quantitative imaging possible. With a higher n material, the system sensitivity will increase, and the signal calibration curve will have a higher slope. the dynamic range. However, it should be noted that the dynamic range can be improved by using a shorter acquisition time and a smaller lens aperture setup.
E. MDA and Dynamic Range
The system MDA was measured to be 0.19 JlCi/mm 2 for 5 minute acquisition (Figure 14 ) and the maximum detectable activity was calculated to be 741.54 J,lCi/mm 2 for 5 minute acquisition. This gives more than three orders of magnitude of
IV. CONCLUSIONS
This work has demonstrated that beta particles emitted from 18p in a microfluidic chip produce Cerenkov radiation, and this Cerenkov signals can be detected using a lenscoupled CCD imaging system developed for microfluidic chip imaging. The feasibility of utilizing Cerenkov radiation as a quantitative imaging source was tested by measuring the spatial resolution, the signal calibration curve, the MDA, and the dynamic range. This method, utilizing Cerenkov radiation as a quantitative imaging source, is already being used at UCLA to pinpoint the location of chip failures or chip function abnormality. Figure 1 shows an example where this method is used. This study investigates the effect of 18F absorption to PDMS as 18F solution advances through the mixing channel. As shown in the figure, the 18F solution was absorbed on the surface of the channel.
The merit of this technology lies in its simplicity. This method allows for a standard microfluidic chip design to be used with no major modification for beta particle imaging. Furthermore, a room light photograph of the chip can be acquired with the same camera setup and overlaid with a Cerenkov image, so that they can together provide structural information of the chip, as well as the radioactivity distribution. As such, the technology will be of great interest to both developers of novel microfluidic chips for radiochemical synthesis, as well as to users of these microfluidic devices. This novel method will provide a simple yet robust quantitative imaging tool for microfluidic applications utilizing charged particles. ... 
